Ewes induced to lactate artificially were given continuous intravenous infusions of either saline or glucose in saline during the first 5 days of lactation. Glucose-infused ewes secreted significantly greater (P < 0·05) amounts of milk than control ewes during the first 10 days of lactation. On the tenth day of lactation glucose-infused ewes secreted approximately twice as much milk as control ewes (c. 320 v. 160 g/day). Plasma concentrations of glucose and insulin were significantly higher (P < O· 05) on the first 2 days of lactation for glucose-infused than control ewes.
Introduction
Although essentially normal lactation may be induced artificially by hormone treatment of non-pregnant ewes McDowell 1974, 1975) , milk yields of these ewes remain substantially lower than those of normal parturient ewes for several days after the onset of lactation. Glucose is a key substrate for mammary metabolism in the ruminant (Hardwick et al. 1963; Annison et al. 1974) and results of recent studies (Gow et al. 1981) suggest that glucose supply to the mammary gland may be rate-limiting for milk production during the first days of artificially induced lactation.
The present study was conducted to test further the hypothesis of Gow et al. (1981) that the rate-limiting factor for milk production during early lactation in ewes induced to lactate artificially is glucose supply. Non-pregnant ewes induced to lactate artificially were given intravenous infusions of glucose at the commencement of lactation. The subsequent lactations of these ewes were compared with those of similar ewes given control infusions of saline.
Materials and Methods

Sheep
Ten nulliparous crossbred ewes (Suflolk x Merino) weighing between 33 and 47 kg and free from obvious abnormalities of the mammary glands were used in the experiment. The ewes were housed in metabolism cages from the start of the experiment and all were accustomed to handling. Water was provided ad libitum and a pelleted ration containing rolled barley grain:lucerne chaff: oaten chaff in the ratio of 60:20:20 (9·3 MJ/kg dry matter; 127 g/kg dry matter crude protein) was fed as outlined below. Throughout the experiment the daily ration was fed continuously using a belt-feeder to ensure that feed was consumed at an even rate.
Five days before lactation commenced, polyvinylchloride catheters (1 . 0 mm Ld. by 1 ·5 mm o.d.; Dural Plastics, Sydney) were fitted in both external jugular veins of each ewe. Catheters were kept patent by flushing twice daily with sterile heparinized saline (200 unitsjml heparin; 9 g NaCljl).
Hormones
Progesterone (Calbiochem, La Jolla, California) and oestradiol benzoate (p-oestradiol-3-benzoate, Sigma Chemical Co., St. Louis, Missouri) were dissolved in a small volume of hot ethanol then suspended in peanut oil to give a preparation containing 120 p,gjml oestradiol benzoate and 30 mgjml progesterone. Synthetic oxytocin (Syntocinon, Sandoz Ltd., Basel, Switzerland) was diluted in sterile saline at a final concentration of O· 5 Lu.jml.
Insulin Assay
Concentrations of insulin in plasma were measured using the talc radioimmunoassay described by Rosselin et al. (1966) . Antiserum specific for ovine insulin and the purified preparation of ovine insulin used as standard were obtained from Mr A. L. C. Wallace, Division of Animal Production, CSIRO, Prospect, N.S.W. All samples were measured within a single assay to overcome inter-assay variation. The intra-assay coefficient of variation was less than 10 % and the sensitivity of the assay assessed by the procedure of Burger et al. (1972) was 0·10 ngjml.
Other Assays
Glucose biokinetics were measured by isotope dilution using the single-injection procedure described by Katz et al. (1974) . Uniformly labelled ['4C]glucose was obtained from Amersham International pIc. (Bucks., England) and the method of Jones (1965) was used to isolate glucose as glucose pentaacetate for the measurement of glucose specific activity.
Coricentrations of glucose in plasma were measured as described by Huggett apdNixon (1957) and levels of fat and solids-not-fat in milk were measured as outlined by Davis (1959) .
Experimental Procedures
Lactation was induced artificially as described previously by Fulkerson and McDowell (1975) . Briefly, mammary glands of the ewes were developed over 60 days (priming phase) with subcutaneous injections of 240 p,g oestradiol benzoate plus 60 mg progesterone given every third day. Three days after the last of these injections, milk secretion was initiated by intravenous injections of oxytocin (4 x 1 Lu. per day) given for 5 days (trigger phase). Regular hand-milking, at c. 0830 and 1630 h each day, commenced on the first day of the trigger phase, and milk yields were recorded daily. Ewes were milked for 10 days only.
All ewes were fed sufficient food to meet their energy requirements for maintenance until the commencement of the trigger phase when feed intake was increased to provide sufficient energy to sustain a milk yield of 500 gjday (Ministry of Agriculture, Fisheries and Food, 1975) . Throughout the trigger phase five ewes were given continuous intravenous infusions of saline (group 1). The remaining five ewes (group 2) were given continuous intravenous infusions of D-glucose in saline. The rate of infusion of glucose (40 mgjmin) was estimated to increase glucose irreversible loss to that of an ewe secreting 500 g milkjday. This infusion rate was based on observations from our laboratory which suggest that irreversible loss of glucose in lactating ewes increases in proportion to milk yield as follows (C. B. Gow and G. H. McDowell, unpublished data):
Increase in glucose irreversible loss (mgjmin) = 0·08 x milk yield (g/day).
Blood samples collected (at 0900, 1200 and 1600 h each day) before and for 10 days after the commencement of the trigger phase were assayed for plasma ~glucose and insulin. Glucose biokinetics were measured in three ewes from each group on the last day of the trigger phase. Milk samples from all ewes were assayed for milk fat and solids-not-fat.
Statistical Analyses
The significance of differences between mean values for the parameters measured were computed using the Student's t-test (Steel and Torrie 1960) .
Results
Milk Yield and Composition
Mean milk yields are presented in Fig. 1 . Milk yields of ewes infused with glucose were significantly higher (P < 0·05) throughout the experiment than yields of control ewes with the exception of the first day after milking commenced. During the trigger phase, yields of glucose-infused ewes increased at a greater rate than those of control ewes (c. 60 v. 30 gjday). Thereafter, yields of glucose-infused ewes continued to increase at a greater rate than those of control ewes (c. 13 v. 7 gjday). The fat content of secretion from glucose-infused ewes was significantly lower (P < 0·05) than that for control ewes until 6 days after milking commenced. Thereafter differences were not significant (P> 0·05). Fat contents of milk on day 6 after milking commenced were 44± 1·1 and 57 ± 7· 6 gjkg (mean standard error) for glucose-infused and control ewes respectively. Corresponding values on day 10 after milking commenced were 66 ± 4·3 and 62 ± 4 . 5 gjkg.
Contents of solids-not-fat in secretion were significantly higher (P < 0·05) for glucose-infused than control ewes until the fourth day of the trigger phase. Thereafter differences were not significant (P > 0·05). On day 4 of the trigger phase contents of solids-not-fat were 116±4·4 and 107±4·4 g/kg whereas 10 days after milking commenced contents were 107 ± 1 . 7 and 103 ± 1 . 7 g/kg for glucose-infused and control ewes respectively.
Plasma Glucose and Insulin
Mean concentrations of glucose and insulin in plasma for the two groups of ewes are presented in Fig. 2 . No significant differences (P > O' 05) for concentrations of glucose (c. 0·60 mg/ml) and insulin (c. 0·6 ng/ml) were apparent before the start of the trigger phase. During the first 2 days of the trigger phase, concentrations of both glucose and insulin were significantly higher (P < 0·05) for group 2 than group 1 ewes. Thereafter, no significant differences (P > 0·05) between values for the two groups of ewes, were recorded. During the trigger phase concentrations of insulin plasma of group 1 ewes increased steadily but not significantly (P > 0 '05) from c. 0·6 to 1· 0 ng/ml by day 4 of the trigger phase. 
Glucose Biokinetics
Glucose biokinetics data on the last day of the trigger phase are presented in Table 1 . Although concentrations of glucose and glucose pool size for glucoseinfused ewes were higher than for control ewes, differences were not significant (P> 0·05). Glucose irreversible losses were, however, significantly higher (P < 0·05) for glucose-infused than control ewes. In the normal pregnant ewe, it appears that metabolic adjustments occur during late pregnancy in response to the demands of the developing foetus for nutrients (Kronfeld 1958) . Consequently, the capacity for gluconeogenesis of the ewe in late pregnancy is well developed and the mammary gland is supplied with adequate glucose at the. commencement of lactation. On the other hand, in the ewe induced to lactate artificially, it appears that the capacity for gluconeogenesis develops over several days in response to a sudden increase in the requirement for glucose of the mammary gland (see Gow et al. 1981) .
In the present study yields of ewes infused with glucose from the commencement of the trigger phase were significantly higher (P < 0'05) than those of control ewes throughout the experiment. The observation that milk production of glucoseinfused ewes continued to increase after withdrawal of exogenous glucose suggests that endogenous glucose production had increased to meet the raised demands for glucose to support milk biosynthesis. It was perhaps surprising that milk yields of glucose-infused and control ewes were still significantly different 10 days after milking commenced in view of the previous observation of Gow et al. (1981) that yields of ewes induced to lactate artificially with oxytocin approached those of normal parturient ewes by 8 days after milking commenced. It may be that the explanation for the present observations is that we used nulliparous animals whereas Gow et al. (1981) used multiparous ewes. Even though yields were significantly different at 10 days oflactation, there was a suggestion that yields of control ewes were beginning to increase when the study was abruptly halted. The contents in mammary secretion of fat were lower and of solids-not-fat were higher for glucose-infused than control ewes during glucose infusion. The observation that content of milk fat was low during glucose infusion is consistent with enhanced lipogenesis in adipose tissue, at the expense of milk fat production, under the influence of elevated levels of plasma insulin (see Annison and McDowell 1980) . The higher levels of solids-not-fat in milk of glucose-infused ewes may be explained by increased synthesis of milk protein as a result of the increase in energy supply (Rook and Line 1961) .
In response to infusion of glucose, plasma concentrations of both glucose and insulin increased markedly and remained elevated for 2 days. Thereafter, concentrations decreased to 'basal' values. By the third day of the period of glucose infusion, ewes in group 2 were secreting substantial quantities of milk and milk yields were continuing to rise. It seems reasonable to assert that the demand of the mammary gland for glucose for milk biosynthesis would have effected a reduction in levels of plasma glucose. Certainly, by the last day of glucose infusion milk yields of glucose-infused ewes were approximately twice those of control ewes.
On the last day of glucose infusion, glucose irreversible loss of group 2 ewes was approximately 40 mgjmin greater than that for group 1 ewes. This represents a difference in daily irreversible loss of glucose of approximately 60 gjday which is more than sufficient to account for mammary uptake of glucose for lactose biosynthesis (see Davis and Bickerstaffe 1978) . The difference in irreversible loss of glucose for the two groups of ewes (c. 40 mgjmin) is equivalent to the rate of infusion of glucose into group 2 ewes. This suggests that the infusion of glucose given to group 2 ewes did not affect endogenous production of glucose appreciably.
Data cited by Denamur (1965) raise the possibility that oxytocin may have had a direct effect on glucose utilization. This author cited evidence that oxytocin stimulated oxidation of glucose by rat mammary tissue in vitro. It is considered unlikely that oxytocin affected glucose utilization for the following reasons. First, Gow et al. (1981) found no difference in glucose irreversible loss before and 2 days after initiating lactation artificially with oxytocin in non-pregnant ewes. Secondly, the data cited by Denamur (1965) were obtained in studies which would have utilized oxytocin isolated from pituitaries (and thus likely to contain quantities of other hormones). Thirdly, the half life of oxytocin in vivo is very short indeed.
In group 1 (control) ewes, plasma insulin concentrations gradually increased during the trigger phase (Fig. 2) when feed intake was increased. It seems reasonable to suggest that this change reflected a gradual increase in the capacity for gluconeogenesis in response to the requirement of the mammary gland for glucose and the increased feed intake.
It would be of interest to determine whether glucose has a local effect at the mammary gland or whether its effects are peripheral-perhaps affecting release of hormones which in turn affect milk synthesis. Thus the responses to local infusion of glucose into the mammary arteries of normal parturient ewes or ewes induced to lactate artificially or both would be of interest.
In conclusion, the results of the present study provide further evidence to support the hypothesis that glucose supply to the mammary gland is a rate-limiting factor for milk production in early lactation in ewes induced to lactate artificially (Gow et al. 1981) . It is possible that in normal parturient ewes (and possibly other species) glucose supply to the mammary gland at the time of parturition may be a critical factor governing lactational performance. Certainly, in normal parturient ruminants, plasma glucose levels increase markedly, albeit for a short period, at the time of parturition (Manns 1972; Blum et al. 1973; Schwahn and Schultz 1976; Davis et al. 1979) .
